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Calcium enhances keratinocyte differentiation, and 
1 25 dihydroxyvitamin D3 (1,25(OH)zD3) is both anti-
p~oliferative and prodifferentiative in tnany cell types, 
including normal hutnan keratinocytes. In the present 
study, we exatnined the cotnbined effects of calciutn 
and 1,25(OH)zD3 on paratneters of growth and differ-
entiation and on c-fos and p53 gene expression in nor-
mal human keratinocytes. Exposure of nortnal hutnan 
keratinocytes to 1,25(OHhD3 markedly reduced [3HJ 
thymidine incorporation and cell nutnber at low and 
high mediutn Ca++ concentrations. Simultaneously, 
cells in the Go/G. phase of the cell cycle increased sig-
nificantly and those in the S phase fell precipitously. 
1,25(OH)zD3 and calcium also induced keratinocyte 
differentiation independently, as assessed by itnmuno-
cytochemistry and by induction ofinvolucrin tnRNA. 
Both Ca++ and 1,25(OH)2D3 were shown, by nuclear 
run-on assays, to increase involucrin gene transcrip-
1,25 dihydroxyvitamin D3 (1,25(OHhD 3) is believed to exert its action through an interaction with its hormone-receptor that complexes with DNA and concentrates the hormone in the nucleus [1] similar to other steroid hormones [2]. Several target genes, such as the proto-oncogenes e-mye and e-.ros 
probably play an important role in the re~ula~ion of grow.th and 
differentiation of several cell types [3] . Activation of e-/llye IS asso-
ciated with cell proliferation [4], whereas activation of e-.ros is 
thought to occur in association with cellular differentiation [5,6] . 
E levation of m edium calcium concentrations to 1.0mM or more 
inhibits growth strongly and promotes differentiation of keratino-
cytes in culture [7]; 1,25(OHhD3yotentiates these effects [8,9]. 
Recent evidence shows that the IIlhlbltlOn of the g rowth of normal 
h uman keratinocytes by 1 ,25(OHhD3 is preceded by marked inhi-
bi tion of e-mye mRNA [10]. In addition to proto-oncogenes, tumor 
suppressor genes such as p53 can also alter cell growth [11]. Growth 
inhibition is observed when p53 is stably transfected into cancer cell 
lines. Mutations alon g the p53 gene, which result in its decreased 
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tion. A rapid, transient elevation in c-fos protoonco-
gene expression preceded these effects when epider-
mal growth factor was present alone. When 
1,25(OH)zD3 was added to quiescent keratinocytes, 
there was a marked augmentation of c-fos mRNA accu-
tnulation at low and high tnedium Ca++ concentra-
tions. Varying medium Ca++ concentrations had no 
effect on c-fos tnRNA levels. Increasing tnedium Ca++ 
concentrations from 0.15 to 2.0mM produced marked 
elevations of p53 mRNA accutnulation and of the rate 
of p53 gene transcription, whereas 1,25(OHhD3 had 
no effect. 
These results, therefore, suggest that 1,25(OH)2D 3 
and calcium act in concert to modulate the expression 
of two important cell-cycle - associated genes, which 
tnay be itnportant components in the initial program-
ming of growth and differentiation of normal human 
keratinocytes.] Invest Dermato1103:323-329, 1994 
suppressor activity , are found in a wide variety of cancers [1 2]. p53 is 
also expressed in normal cell s and is thought to playa role in normal 
cell growth [13-15] . 
At present w e do no t know whether the effect of calcium and 
1 ,25(OH)zD3 on keratinocyte growth and differentiation is accom-
panied by chan ges in the expression of the cell-cycle-associated 
genes, e-.ras and p53. 
We therefore ana ly~ed the effect of calcium and 1,25(OHhD 3 
alone and 111 combmatlon on parameters of cell growth and differ-
entiation and on expression of c-.ras and p53 genes. 
MATERIALS AND METHODS 
Culture of Normal Human Keratinocytes We isolated normal human 
keratinocytes from skin tissue removed during breast reduction, according to 
the method of Boyce and Ham [1 6). In brief, epidermal tissue was separated 
from dermal tIssue fo llowll1g a 3-h collagenase digestion. Single cells were 
released from the epidermis using trypsin and were suspended in keratino-
cyte ~rowth medium (KGM), the complete med ium for clonal growth of 
kerattnocytes. KGM COnsIsts of keratinocyte basal medium (ICBM Clonetics 
Corp.,San Diego, CAl containing 0.15 mM Ca++ supplemented with the 
followll1g growth factors (GFs): 10 ng/ml epidermal growth factor (EGF, 
SIgma), 5 Jlg/ml insulin (Sigma, St. Louis, MO), 0.5 Jlg/ml hydrocortisone 
(Clonetics), 0.4% (W I V) , and bovine pituitary extract (BPE, Clonetics). It 
provided maximal proliferation without differentiation. Cel ls grown in 
these conditions were then seeded at a density of 2.5 X 10' cells/well in 
6-well cluster plates in KGM for 24 h. Following a 24 It incubation in ICBM 
a~d 0.15 mM Ca++ (basa l conditions), the medium was replaced at time 0 
WIth KGM containing EGF (10 ng/ml) in which Ca++ concentrations var-
ied between 0.15 and 2.0 mM, verified by direct measurement by atomic 
absorption spcctrophotometry. Incubations were thc lI continued fo r up to 
96 h with or without 10- 8 M l ,25 (OH)2D,. 
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Cell Counts We dispersed cells after trypsinization and counted an ali-
quot in a Coulter counter (Coulter Electronics, Beds, U.K.) at timed inter-
vals up to 96 h after medium change. Remaining cells were centrifug~d at 
low speed (600 X g), rinsed with phosphate-buffered salllle, and lysed With a 
mixture of 4 M guallidium thiocyanate, 25 mM trisodium citrate, 1 mM 
ethylenediaminetetraacetic acid (EDTA), and 0.1 M p-mercaptoethanol 
(GTC mixture) . GTC extracts were stored at-70·C for later RNA analysis 
by Northern blot hybridization. 
['H)Thymidine Incorporation Into DNA We replaced the medium at 
22 h and at 94 h with calcium free minimal essential medium (MEM) 
(Gibco, Grand Island, NY) supplemented with either 0.15, 0.5, or 2.0 mM 
Ca++ concentration and 1 JiCijml of[3HJthymidine (New England Nuclear, 
Boston, MA). Following a 2 h incubation at 37 ·C, the medium was aspi-
rated, and cells were washed twice with cold Hanks' balanced salt solution 
and incubated 15 min with 1 ml of cold 10% trichloroacetic acid (TCA) to 
precipitate protein. After aspirating the TC.,., protein precipitable material 
was dissolved in 1 ml of 1 N NaOH and the 3H content in an aliquot was 
determined by liquid scintillation spectrometry in an LKB P radiation 
counter. Cell numbers were counted and the [3H]thymidine counts/min 
(cpm) were corrected for cell number, with final values expressed as cpm/ 
10' cells. 
Immunocytochemistry The cellular content of specific keratins was 
determined by immunocytochemistry, using a polyclonal antiserum to kera-
tins, predominantly of MW 56.5 kD and 65-67 kD (Dimension Labs, 
Mississauga, Ontario, Canada). These keratins have been immunolocalized 
to the suprabasallayers of human epidermis and have been characterized as 
markers for skin-type differentiation [17,18]. Cells seeded in four chamber 
glass slides (Gibco) in KGM were grown to approximately 30% confluency. 
The medium was then changed to keratinocyte basal medium (KBM) (basal 
conditions). After 24 h in basal conditions, the medium was replaced with 
KBM containing 10 ng/ml EGF and either 0.15 or 2.0 mM Ca++, with or 
without 10-8 M l,25(OH),D3. Incubation continued for 5 d with a medium 
change after 3 d. Cells were then fixed in 95% ethanol for 5 min, rinsed with 
distilled water, and stained by a modification of the three-layer peroxidase-
antiperoxidase technique [19]. 
Flow Cytometry Cells were grown in KGM until they reached 50% 
confluency. Following a 24 h incubation in KBM, the medium was replaced 
with KBM containing EGF (10 ng/ml) at low (0.15 mM) or high (2.0 mM) 
Ca++ concentration and were incubated in the presence or absence of 10- 8 M 
l,25(OH),D3. Twenty-four hours later they were analyzed by flow cytome-
try. Following trypsinization cells were centrifuged at low speed (600 X g), 
rinsed once with phosphate-buffered saline (PBS), and stained according to 
the technique ofVindel0v [20J. Briefly, the pellet was resuspended in 1 ml of 
3.5 mM Tris, 7.5 JiM propidium iodide (Calbiochem), 0.1 % nodinet P40 
(Sigma), 700 Jil RNAse (Boehringer, Mannheim, Canada), and 10 mM 
NaCi. The solution was added dropwise while vortexing. After standing at 
least 10 min on ice, the nuclei were analyzed in a FACScan (Becton Dickin-
son Inc., Oxnard, CAl, which sorts and plots the number of cells against the 
relative fluorescence intensity. The calculation of the percentage distribu-
tion in various phases of the cell cycle was performed with Cell Fit software 
(Becton Dickinson Inc.), using a sum of broadened rectangles fit. 
RNA Analysis For Northern Blot analysis, we purified GTC extracts by 
cesium chloride gradient centrifugation [21 J and electrophoresed 10 Jig of 
total RNA on a 1.1 % agarose-formaldehydc gel. RNA was transferred by 
capillary blotting onto a nylon membrane (Nytran). The filters were air-
dried, baked at 80·C for 2 h, and then hybridized with probes labeled with 
32p dCTP (IC Biomedical Canada LTD) by the random primer method 
(Amersham Canada LTD, Ontario, Canada). After incubation at 42·C for 
24 h, filters were washed successively in 1 X SSC, 1 % SDS for 15 min at 
room temperature, and 0.1 X SSC, 0.1 % sodium dodecylsulfate twice for 30 
min at 55 ·C (1 X SSC is 0.15 M sodium chloride, 0.015 M trisodium 
citrate) . Autoradiography of filters was carried out at -70· C using Kodak 
XAR films (Eastman Kodak Co., Rochester, NY) and two intensifying 
screens. The intensities of the observed bands were analyzed by laser densi-
tometry (Ultroscan XL, LKB). 
DNA Probes a) Involucrin was used as a differentiation marker of kcrati-
nocytes. Involucrin is produced abundantly during terminal differentiation 
of keratinocytes and works as a precursor of a cross-linked envelope during 
terminal differentiation [22- 25]. A 2.1-kb fragment of the human involu-
crin gene, containing the entire coding region, was used as a probe [26]. 
b) c-Jos: the EcoRl-Sall restriction fragment encoding c-fos released from 
the plasmid p-fox BS [27] was used as a probe. 
c) p53: a 2.0 KB Bam Hl restriction fragment of p53 eDNA was used [28]. 
d) Cyclophilin: filters were also probed with a 800 bp BamH1, restriction 
fragment of rat cyclophilin [29] as a control for the amount of RNA loaded. 
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e) GAPDH: a rat Glyceraldehyde-3-Phosphate Dehydrogenase 
(GAPDH) was prepared from a Pst! digested pRGAPDH13 plasmid [30]. 
In vitro Nuclear Run-on Assays Relative transcription rates of involu-
erin, p53, and cyclophilin genes were measured using a nuclear [[1I1-on assay 
[31,32]. Nuclei were prepared from 10 - 20 X 106 cells prepared as described 
in paragraph 1 in the presence or absence ofEGF, l,25 (OH)2D3 and in low 
(0.15 mM) or high (2.0 mM) Ca++ concentrations. Cel ls were scraped into 
ice-cold PBS, pH 7.4, pelleted at 4· C, and lysed with Nodinet P40 lysis 
buffer [0.3M sucrose, 60 mM KCI, 15 mM NaCl, 15 mM HEPES (pH 7.5), 2 
mM EDTA, 0.5 mM EGTA, 0.15 mM spermine, 0.5 mM spermidine. 14 
mM p-mercapto ethanol and 0.2% Nodinet P40]. After 8 min on ice, nuclei 
were pelleted at 800 X g. They were rinsed once with 1 ml nuclei storage 
buffer [50% glycerol, 20 mM Tris (pH 7.9),75 mM NaCl, 0.5 mM EDTA, 
0.85 mM dithiothreitol (OTT) , and 0.125 mM phenylmethylsulfoxide 
(PMSF)], snap frozen in liquid nitrogen, and stored at - 80·C until assay. 
Run-on reactions were carried outat 30·C in 300 mM NH.(SO.)" 100 mM 
Tris HCI (pH 7.9), 4 mM MgCI2, 4 mM MnCl2, 50 111M NaCl, 0.4 mM 
EDTA, 1.2 JiM DTT, 0.1 mM PMSF, 10 mM creatine phosphate, 29% 
glycerol, 150 JiCi [32PJ UTP, 650 Ci/mmoi (ICN, Mississauga, Ontario, 
Canada), and 1.5 mM each ofCTP, ATP, and GTP (Boehringer) for 45 min. 
Reactions were quenched with tRNA and treated with (RNAse-free) 
DNAse and proteinase-K and phenol-chloroform-isoamyl alcohol ex-
tracted. 32p labeled transcripts were spun, column chromotographed 
through sephadex G50, TCA precipitated, NaOH treated, and ethanol pre-
cipitated. DNA inserts (0.15 JIg) of invoiucrin, p53, and GAPDH prepared 
as described above were NaOH denatured, slot blotted (Hybrislot, Gibco/ 
BRL, Burlington, Ontario, Canada) and hybridized with 2 X 107 cpm 32p 
labeled transcripts in 50% fonnamide, 50 mM HEPES (pH 7.3), 0.75 M 
NaCl, 2 mM EDTA, 0.5% SDS, 10 X Denhardt's, and 200 Jig/ml salmon 
sperm DNA for a minimum of 40 h. ln any single experiment, equal number 
of counts were used for all conditions. Nytran filters were exposed to autora-
diographic film and quantitation of the bands was done by laser densitome-
try. 
Statistical Analysis Results are expressed as the mean ± SEM of replicate 
(at least triplicate) determinations and statistical comparisons arc based OIl 
analysis of variance or the Student t test. A probabi lity value of 0.05 was 
considered significant. 
RESULTS 
Effect of Ca++ and 1,25(OH)'D3 On Cell Proliferation and 
(3H]Thymidine Incorporation Normal human keratinocytes 
were incubated in the presence and in th e absence of 10-8 M 
1,25(OH)zDJ in 0.15, 0.5 or 2 .0 111M Ca++. In the absence of 
1,25(OH)2DJ cells responded to 2.0 mM Ca++ by decreasing their 
growth rate (Fig lC); no difference was noted between 0.15 and 0.5 
mM Ca++ (Fig lA,B) . Cells treated with 1,25(OH)2DJ showed a 
markedly reduced growth rate compared to untreated cells at all 
three calcium concentrations tested. Similarly (lH]thymidine in-
corporation was inhibited by 10- 8 M 1,25(OH)zDJ at each of the 
three Ca++ levels, whereas ambient Ca++ had to be raised to 2.0 mM 
to see inhibition in the absence of 1,25(OH)zDJ (Fig lD,E,F) . 
Similar inhibitory effects of 1,25(OH)zD J on growth rate and 
[3HJthymidine incorporation of rapidly proliferating keratinocytes 
were noted at low (0.15 mM) and intermediate (0.5 mM) Ca++ 
concentrations. However, at a high Ca++ concentration (2.0 mM), 
1 ,25(OH),DJ totally abolished cell proliferation. 
Effect of 1,25(OHhDJ and Calcium On Keratinocyte 
Differentiation 
Immunocytochemistry: Immunocytochemical studies using the 56.5 
kD /65 - 67 kD keratin pair as markers of keratinization showed 
that 1,25(OH)2D 3 induced staining at low Ca++ concentration 
(0.15 mM) (Fig 2B); both the intensity of staining and the number 
of stained cells were maximally increased at high (2.0 mM) Ca++ 
with 1,25(OH)zD J (Fig 2C) . 
K era titlocyte Dijferetltiation Assessed By blllo/ucrill IIIRNA Expression 
Involucrin was seen as a faint message in nondifferentiated kerati-
nocytes, incubated in KBM, as a single 2.1-kB transcript. Addition 
of 1 ,25(OH),DJ in the presence of low calcium (0 .15 mM) caused a 
marked increase in involucrin mRNA, maximal at 48 h (Fig 3A). 
Simultaneous addition of 2.0 mM calcium and 1,25(OH),DJ pro-
duced a marked increase of involucrin mRNA at 24 h that remained 
stable thereafter (Fig 3B) . However, the max imal level of expres-
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Figure 1. Effect ofCa++ and 1,25 dihydroxyvitamin D J on cell num-
ber and ['H]thymidine uptake in quiescent keratinocytes stimulated 
with EGF supplemented KBM. EGF alone (0. 0) or with 10- 8 M 
1,25(OHhD3 (e, .). EGF in 0.15 mM Ca++ (A,D) , in 0.5 111M Ca++ (B,E), 
or in 2.0 mM Ca++ (e,F). Cells were counted at the times indicated and 
['H) -thymidine uptake was measured as described in Materials alld Methods. 
Resul ts are expressed as the mean ± SEM of six determinations. Asterisks, 
significant differences from corresponding incubations performed in the 
absence of 1,25(OHhDJ •• p < 0.01 •• p < 0.005 "'p < 0.001. 
sion achieved at 48 h was not significantly different between 2.0 
mM calcium and 1 ,2S(OHhD3 added separate ly or with the combi-
nation of 1,25(OH}2D3 and 2.0 mM calcium. Finally, there was a 
marked increase in invo lucrin mRNA with addition of 2.0 mM 
calcium to the culture medium; it was maximal at 48 h (Fig 3e). 
Effect of 1,2S(OHhD, On The Cell Cycle Using flow cy-
tometry, we next examined the effect of 1,25(OHhD3 on the pro-
gression of normal human k~ratinocytes thro~gh the cell cycle. In 
the quiescent state the maJonty of cells were 111 Go/G t phase. The 
addition of EGF for 24 h resulted in a shift into S phase. The 
addi tion of 10-8 M 1,25(OH}2D3 to culture medium containing 
0.15 mM Ca++ and EGF inhibited the shift. Addition of 2.0 mM 
Ca++ along with EGF to the culture medium also inhibited the shift 
into the S phase. Finally, the combination of 2.0 mM Ca++, 10-8 M 
1,25(OHhD3' and EGF had a more pronounced effect than 2.0 mM 
calcium or 1.25(OH)2D3 alone (Table I). 
Effect ofEGF, Calcium And ofl,2S(OH)2D, on c-fos and pS3 
m.RNA After 24 h incubation in KJ3M, the medium was removed 
and replaced with KJ3M containing EGF (10 ng/ml) and Ca++ (0: 15 
or 2.0 mM) with or without 10-8 M ofl ,25(OHhD3' EGF additIOn 
in the presence of 0.15 mM Ca++ produced a rapid and transient 
increase of c-fos mRNA (Fig 4A). Addition of 1,25(OHhD3 mark-
edly enhanced c-fos mRNA levels above the one seen with EGF 
alone as early as 30 min and up to 24 h both in low (0.15 mM) (Fig 
4A ) or high (2.0 mM) medium Ca++ concentrations (Fig 4B). 
Addition of 2.0 mM calcium did not significantly alter the level nor 
the time course of c-fos mRNA expression (Fig 4e). We next exam-
ined the effect of EGF, calcium, and 1 ,25(OH)2D3 on p53 mRNA 
expression. Addition of EGF in the presence of 0.15 mM Ca++ 
produced an early (60 min) and progressive increase of p53 mRNA, 
maximal at 48 h (Fig SA) . However, 1,25(OHhD3 did not alter 
p53 rnRNA levels significantly at any of the time points analyzed 
whether the cells were incubated with 0.15 mM (Fig SA) or 2.0 
mM medium calcium concentrations (Fig SB). In contrast to the 
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Figure 2. Effect ofCa++ and 1,25 dihydroxyvitamin D J on keratino-
cyte differentiation using inllDunocytocbemical stain for the 
56.5kD /65 - 67kD keratin pair. Keratinocytes were fixed, permeabilized, 
and processed for immunocytochemistry as described in Materials alld Meth-
ods. Cells were cultured in (A) 0.15 111M Ca++; (B) 0.15 mM Ca++ and 
1,25(OHhD,; (C) 2.0mM Ca++ and 1,25(OHhD,. Bars, 75 J.lm. 
absence of an effect seen on c-fos mRNA after addition of 2.0 mM 
calcium, p53 mRNA was significantly increased at 24 h and was 
maintained at 48 h after calcium addition (Fig. SC). 
Effect of Ca++ and 1,2S(OHhD, On Involucrin And pS3 
Gene Transcription To determine whether the effects of these 
various factors were acting at the transcriptional level, we per-
formed nuclear transcription run-on assays. After exposing the cells 
to 0.15 and 2.0 mM Ca++ with and without 10- 8 M 1,25(OH)2D3 
for 2 h and 24 h, nuclear extracts were labeled and hybridized to 
specifi c target DNA sequences, as shown in Fig 6. Hybridization to 
pBR322 was absent and transcription of GAPDH, used as internal 
control, was unaffected by Ca++ or 1,25(OHhD3. By contrast 
1,25(OH)2D, increased involucrin gene transcription approxi-
mately 3.5-fold at 2 h (Fig 6A) and six-fold at 24 h (Fig 6B), but 
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Figure 3. Northern blot analysis of involucrin mRNA in normal 
human keratinocyte extracts. Filters were hybridized as described in 
Materials a"d MCII/Ods with a 32P-labeled involucrin probe and with a 32P_la_ 
beled cyclophilin probe as a control fo r RNA loading. The upper panels 
represent the densitometric ratios of involucrin/cyclophilin mRNA seen in 
lower panels. A rrows, the 2.1 kb involucrin message and the 0.8 kb cyclophi-
lin message. Influence of 1,25(OH),D3 in 0.15 mM Ca++ (A) or 2.0 mM 
Ca++ (B), and the influence of Ca++ (C) on the time course of involucrin 
mRNA. Each lane contained 10 Ilg of total cellular RNA. The ratios are 
expressed as mean ± SEM of three different experiments. Asterisks represent 
significant diffe rences from corresponding incubations in absence of 
1 ,25(OH),D3, and ci rcles in the presence of 2.0 mM calcium. 
did not affect p53 gene transcription. Ca++ increased both involu-
crin and p53 ge ne transcription approximately six-fold and eight-
fold respectively, at 24 h (Fig 6B). 
DISC U SSION 
In this study we examined th e effect of 1,25(O H)2D , and calcium 
on parameters of cell growth and differentiation and on c-Jos and 
p53 express ion in normal human keratinocytes. Previous studies 
showed both the existence of a specific receptor fo r 1,25(OH)zD, 
[33] and local production of the hormone by keratinocytes [34] . 
T his steroid could therefore regulate growth and differentiation 
[8,9] of keratinocytes in an autocrine manner. 
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T able I. Effect of Calcium and 1,25 (O H )zD, on EGF-
Stimulated Keratinocyte Pro liferation 
Untreated cells 
EGF + 0.15 mM Ca++ 
EGF + 0.15 mM Ca++ + 1,25(OH),D3 
EGF + 2.0 mM Ca++ 
EGF + 2.0 mM Ca++ + 1,25(OH)2D3 
77.5 ± 0.8' 
69.5 ± 2.0b 
74.1 ± 1.2b., 
73.3 ± 1.1 b.< 
77.0 ± 2.0' 
, Resul ts arc expressed as % ± SEM of at least six determinations. 
b Significant difference from untreated cells, p < 0.05. 
, Signi fica nt difference from EGF treated ce lls in 0.15 n1.M Ca++ . 
S (%)' 
9.2 ± 0.6' 
13.8 ± 0.8b 
11.6 + 0.6b., 
11.1 ± 0.7b., 
9.3 ± 0.6' 
W e observed that 1,2S(O H )zD, is a potent growth inhibi tor at 
low (0.15 mM) and intermediate Ca++ concentration (0.5 mM) . 
Howeve r, the growth inhibition observed was similar fo r both Ca++ 
concentrations. In contrast , the combination of 2.0 mM Ca++ and 
1 ,25(OH)2D 3 completely abolished cell division. Therefore, it ap-
peared that 1,25(OH )zD3 initiated specific cellul ar events under 
conditions w here normal human keratinocytes would normally 
prolifera te and not differentiate. T his calcium independent effect 
was supported by the sy nergistic effect of calcium and 1,25(OH)zD, 
seen at higher Ca++ concentrations. T his effect is consistent with 
previous findings reported in normal human keratinocytes showing 
dose-dependent inhibition of cell growth by 1,25(OH)2D , with a 
m inimal effective dosage of around 10- 8 M [35] , a concentration 
used throughout the present study. T he human keratinocytes used 
in our study displayed cell specific arrest in the Go/G t phase of the 
cell cycle in response to 1,25(OH)zD3. The arrest in the resting 
phase of the cycle was early and independ ent o f the C a++ concentra-
tion, demonstrating th e specificity of th e effect of 1 ,25(OH)zD, on 
growth inhibition by blockin g entry into th e S phase of the cell 
cycle. 
W e then assessed the effect of 1,25(OH)zD , and calcium on 
keratinocyte differentiation. N orm al human keratinocytes in cul-
ture proliferate in low Ca++ concentration and differentiate when 
ambient Ca++ is raised to or above 1.0 mM [7]. Epidermal differen-
tiation has previously been extensively studied using several key 
markers, including keratins [36], involucrin [22 ,23], and fillagrin 
[37]. Involucrin is a 68-kd precursor protein o f the keratinocyte 
cornified envelope [22,23] and correlates positively with the process 
of differentiation. Involucrin mRNA expression was recently 
shown to be an excellent marker of keratinocyte differentiation 
under the influence of calcium or phorbol esters [38] . In the present 
study, we analyzed involucrin express ion over time in the presence 
of various concentrations of Ca++ and 1,25(OH)zD,. Calcium or 
1,25(OH)2D, strongly stimulated involucrin expression to similar 
levels, corroborating our immunocytochemical data which demon-
strated positive staining of differentiated cells with markers ofkera-
tinization. These observations are consistent w ith the increased in-
volucrin protein levels observed previously in differentiated cells 
[39 ,40]' Mitogenic stimuli and 1 ,25(O H )zD " or its metabolites, are 
also known to upregulate th e abundance of vitamin D receptors 
[41,42]. This may contribute to the sustained overexpression of 
involucrin mRNA, in th e presence of 1 ,25(OHhD, and EGF, in our 
model. Furthermore nuclear run-on analysis demonstrated that the 
effect of Ca++ and 1,25(OH)2D3 occur at the level of gene tran-
scription. N evertheless, it should be noted that the observed effecr 
of 1,25(OH)zD, in the nucl ear run-on assays is much more pro-
nounced than the effect observed in th e N orthern blot analysis. 
Because steady-state mRNA levels seen on N orthern blots refl ecr a 
balance between the rates of transcription and degradation, these 
results may suggest a relatively more rapid rate o f PTHRP mRNA 
degradation. Further studies on involucrin mRNA stability should 
help cl arify this issue. The transcriptional regulation of involucrin 
by 1 ,25(OH)zD, suggests the presence of Vitamin D response ele-
ment(s) (VDRE(s» in the promoter region of this gene. Such cis-
acting elements have been previously identified ill the osteocalcul 
[43] and osteopontin genes [44] but have not yet been defined in the 
5' flanking region of the involucrin ge ne. 
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Figure 4. Northern blot analysis of c-fos mRNA in normal human 
keratinocyte extracts. Filters were hybridized as described in Materials a"d 
Methods with a 32P-labcled c-fos probe and a 32P-labcled cyclophilin probe as a 
control for RNA loading. The upper panels represent the densitometric 
ratios of c{os/cyclophi lin mRNA seen in lower panels. ArroUls, the 2.2 kb 
,{ os message and the 0.8 kb cyclophilin message. Influence of 1.25(OH),D3 
in 0.15 mM Ca++ (A) or2.0 mM Ca++ (B), and the influenceofCa++ (C) on 
the time course of c{os mRN A. Each lane contained 10 I1g of total cellular 
RNA. The ratios are expressed as mean ± SEM of three different experi-
ments. Asterisks represent significant differences from corresponding incu-
bations in absence of l ,25(OH)2D3 and circles in the presence of 2.0 mM 
calcium. 
We also showed that the EGF effects on keratinocyte cell growth 
were preccded by a rapid and transient increase in c{os mRNA 
levels. This is co nsistent with the effects of various growth stimu-
lants on the proto-oncogenes, c-rIlye and e{os, in these and other cell 
types [45,46], suggesting that these proto-oncogenes may play an 
important role in the growth and differentiation of a variety of cells 
[4,47]. Earlier studies from this laboratory showed that 
1,25(OH)zDJ inhibited c-myc expression in primary cultures of 
parathyroid cells [48], which preceded the growth inhibition ob-
served with 1,25(OH)zDJ. More recently, 1,25(OHhDJ was 
shown to inhibit e-/llye proto-oncogene expression in normal 
human keratinocytes [10] . Furthermore, inhibition of c-myc expres-
sion by addition of antisense oligonucleotides to the culture me-
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Figure 5. Northern blot analysis of p53 mRNA in normal human 
keratinocyte extracts. Filters were hybridized as described in Materials a"d 
Methods with a 32P-labeled p53 probe and a 32P-bbeled cyclophilin probe as a 
control for RNA loading. The upper panels represent the densitometric 
ratios of p53/cyclophilin mRNA seen in lower panels. The arrows represent 
the 3.1 kb p53 message and the 0.8 kb cyclophilin message. Influence of 
1 ,25(OH),D3 in 0.15 mM Ca++ (A) or 2.0 111M Ca++ (B), and the influence 
ofCa++ (C) on the time course of p53 I11RNA. Each lane contained 1011.g of 
total cellular RNA. The results are representative of threc separate experi-
mcnts. The ratios are expressed as mean ± SEM of three different experi-
ments. Asterisks represent significant differences from corresponding incu-
bations in absence of 1,25(OH),D3 and rircles in the presence of 2.0 111M 
calcium. 
?ium of He La cells produced a growth arrest in Go/ G t [49], impl y-
1I1g a causal relationship between C-//lyc expression and cellular 
growth. However, the relationship between c{os and cellular differ-
entiation was less c1ear.fos is known to modulate gene transcription 
by association with another proto-oncogene product,jull, to form a 
heterodimer or API protein complex [50J. Earlier studies showed 
that the c{os gene was stimulated by factors that strongly influence 
cellular differentiation in PC12 cells, such as nerve growth factor 
[5] . It was also shown that l,25(OHhDJ produced a sustained ele-
vation of e-fos mRNA in HL 60 leukemic cells [51]' associated with 
their monocytic differentiation. However, a direct effect of fos on 
cellular differentiation was not yet demonstrated. In the present 
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Figure 6. l,25(OHhD3 and Ca++ effects on involucrin and p53 gene transcription. Nuclear run-on assays were performed as described in Materials and 
Methods. 32P-labeled run-on transcripts were prepared from nuclei isolated from cells cultured for 2 h (A) and 24 h (B) in low (0 .15 mM) or high (Hi) (2.0 mM) 
Ca++ concentrations in the presence or absence of 10- 8 M 1,25(OH),D,. Autoradiographs of a representative experiment are shown in the upper panel (p53, 
involucrin, GAPDH, and plasmid pBR322 with no insert to assess non-specific binding). The relative transcription rate for involucrin and p53 over GAPDH 
are shown in the lower panel. Results are representative of three different experiments. 
study, addition of 1,25(OHhD3 to growth factor stimulated kerati-
nocytes increased c10s expression; this effect was sustained over a 
long period. A sharp rise inJos expression was seen as early as 60 min 
after addition of growth factor but the combination of 
l ,25(OHhD3 and growth factors were clearly additive on c-Jos 
mRNA levels. In contrast, addition of Ca++ did not significantly 
change Jos mRNA levels whether 1,25(OH)2D3 was present or not. 
The absence of effect of calcium on c10s mRNA w as consistent with 
previous observations in mouse [52] and human keratinocytes [38] 
and suggested that 1,25(OH)2D3 could exert a specific effect on the 
expression of a proto-oncogene frequently associated with cellular 
differentiation. It is tempting to conclude that these results are me-
chanistically related. But furth er studies, such as those using anti-
sense oligonucleotides [49,53] should be used to assess the spe-
cificity of c10s induced promotion of cell differentiation by 
1,25(OHhD3 in normal human keratinocytes. 
Finally we examined the influence of EGF, calcium, and 
1,25(OHhD3 on expression of p53 in keratinocytes. Recent evi-
dence suggests that wild type p53 functions as a tumor suppressor 
gene [11,54 - 56] and that its inactivation by mutation or deletion is 
associated with neoplastic growth. However, p53 may also play an 
important role in growth of normal cells, as suggested by its regu-
lated expression in a number of normal cells [57 - 59]. Previous 
studies showed that wild type p53 is necessary for the mitogenic 
response oflymphocytes [13] and 3T3 cells [14,15]. p53 subcellular 
localization varies throughout the cell cycle, accumulating in the 
nucleus following the initial step of DNA synthesis, around the 
beginning of the S phase; re-accumulating in the cytoplasm during 
the resting phase. This suggests that the protein is spatially regu-
lated during the cell cycle [60] . In the present study we observed that 
p53 mRNA is rapidly induced by EGF, which is a necessary mitogen 
for the growth ofkeratinocytes in serum free conditions [61]. This 
close cell-cycle association also supports a role for p53 in normal 
keratinocyte cell growth . Because p53 acts normally as a growth 
suppressor, its induction by mitogenic stimuli, that we and others 
have observed, may represent a critical step in the control of cell 
growth to counteract the effect of mitogenic stimuli . However, the 
precise mechanism by which EGF modulates p53 gene transcription 
remains elusive and requires further studies. W e also observed that 
p53 mRNA level s were sustained long after EGF stimulation; in 
sharp contrast c10s mRNA stimulation by mitogens returns to basal 
levels quickly after its early peak. Recent data indicate that the p53 
gene product may mediate the repression of c10s mRNA, possibly 
acting as a transcriptional regulator of the c10s promoter [62] . The 
temporal pattern of c10s and p53 mRNA observed in our study 
would be consistent with such a mechanism. Finally, we observed 
that raising medium Ca++ from 0 .15 to 2.0 n'lM significantly en-
hanced both steady-state p53 mRNA levels and the rate of p53 gene 
transcription, indicating that p53 is at least in part under the tran-
scriptional control of Ca++. These results are highly suggestive of a 
role for p53 in calcium mediated growth inhibition and induction of 
differentiation in keratinocytes but will require more direct evi-
dence, such as the inhibition of intra-cellular p53 content by micro-
injection of p53 monoclonal antibodies [14] or introduction of plas-
mids coding for antisense p53 [63]. 
Our data nevertheless clearly suggest that 1 ,25(OHhD3 and cal-
cium, which are essential in the control of growth and differentia-
tion of normal human keratinocytes, act through a network of spe-
cific genes that are thought to be important in the control of the cell 
cycle. These co-ordinated responses , under the influence of 
1,25(OH)2D3 and calcium, seem to simultaneously control entry 
into the S phase of the cell cycle and at the same time trigger signals 
to initiate the differentiation process. Further studies aimed at 
blocking and/or activatingJos and/or p53 genes should help clarify 
whether 1,25(OHhD3 and calcium affect growth and differentia-
tion by a direct modulation of the expression of these cell-cycle-
associated genes. . 
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